There is growing evidence that pre-Columbian humans had strong impacts on soils, plant and animal communities and ecosystem functioning in many parts of Amazonia, and that the legacies of these impacts still affect biodiversity and how ecosystems function today. Understanding the history of human/ environment interactions in Amazonia is essential for analyzing the current state of these interactions and imagining scenarios for the future. This study gives a brief overview of these themes.
INTRODUCTION
The focus of this paper is primarily on the forests, savannas and rivers of the Amazon Basin, but some examples are drawn from 'greater Amazonia', a term that encompasses all of lowland tropical South America. The ideas of Betty Meggers (1971 Meggers ( , revised 1996 long dominated thinking about human/ environment interactions in this region. Her view was that environmental constraints, primarily the limitations on agriculture imposed by the nutrientpoor, highly weathered soils that characterize much of the lowland tropics, limited the density and social complexity of pre-Columbian populations, so that these were concentrated in areas of younger, richer alluvial soil along the major rivers, with only sparse populations of semi-nomadic slashand-burn farmers/foragers in interfluvial areas.
However, a flood of archaeological studies over the past 30 years has provided much evidence that at least some areas of interfluvial forest, as well as many of the seasonally flooded savannas around the margins of Amazonia, supported dense preColumbian populations that had lasting ecological impacts. How widespread such impact was is still controversial. While there is evidence that humans altered the composition of vegetation in many wellstudied 'permanent plots ' (levis et al. 2017) , there is also evidence that archaeological sites are overrepresented in this set of plots (McMichael et al. 2017) .
Knowing the human history of Amazonia is important for many reasons. If forests and savannas still bear an ecological legacy of past occupation, we need to know the nature of this legacy: why it has lasted so long after the collapse of Amerindian populations caused by europeans and their infectious diseases, and how environments may change in the future as this legacy diminishes. Understanding how Amazonian biodiversity persisted despite substantial pre-Columbian human impact may also give insight into how resilience can be achieved today.
WIDESPREAD PRE-COLUMBIAN HUMAN OCCUPATION OF AMAZONIA: LEGACIES IN SOILS
evidence of widespread human occupation of Amazonia came first from peri-Amazonian seasonally flooded savannas, where impacts on landscapes could be directly observed in aerial photographs ( Figure 1 , left panel). Vestiges of extensive wetland raised-field agriculture were found in many regions, from the guianas coast to the Bolivian llanos (Denevan 2001 Meggers (1971 Meggers ( , revised 1996 would suggest that human densities should be sparsest.
Identifi cation of these structures showed that even 'scratching the surface' could reveal evidence of human occupation of unexpected geographic breadth. But the impact of human occupation on ecological processes only became clear when archaeologists and soil scientists began to dig beneath the surface, to fi nd that long periods of pre-Columbian human occupation had in many areas transformed the properties of Amazonian soils. The red and yellow soils that cover much of the lowland tropics are heavily weathered, acid, nutrient-poor oxisols. They are characterized by low nutrient content and by dominance of clays such as kaolinite that have very low cation exchange capacity, reducing their ability to retain nutients against leaching. However, Amazonia also holds large areas of darker soils called terra preta do indio (black soils) and terra mulata (brown soils). These soils, now grouped together as Amazonian Dark earths (ADes), are plainly derived from oxisols and clearly result from longterm occupation by humans (glaser and Birk 2012). Terra preta usually includes large amounts of ceramic fragments (Figure 3 ). Although most of these soils have been abandoned for over 500 years, they are to this day much more fertile than adjacent oxisols. Their fertility is explained partly by the fact that humans deposited nutrients on them from many sources (from kitchen wastes to dung), but above all by their high content of black carbon (charcoal, reworked by soil organisms to tiny fragments), whose oxidized surfaces provide sites that retain nutrient ions. Charcoal has in eff ect replaced clay in the soil's capacity to retain nutrients and supply them to plants. Because the polyaromatic compounds that comprise black carbon are a very stable form of organic matter, pre-Columbian human occupation permanently transformed the chemical properties of these soils, making them much more favorable for agriculture (glaser et al. 2001) .
Did the construction of raised fields in seasonally flooded savannas around the rim of Amazonia also confer a lasting ecological legacy on soils? In coastal savannas of French guiana, 'soil engineer' animals such as ants, termites and earthworms concentrate their activities on abandoned raised fi elds, because these are the only sites where, during the rainy season, ant and termite colonies can escape drowning and earthworms can come to the surface and respire between bouts of feeding in the waterlogged soils. The material brought by engineers to these sites-organic matter brought by ants and termites to their nests, soil deposited in casts by earthworms when they reach the surface-replace material lost to erosion. Furthermore, the porosity and the water-stable aggregates created by these animals and by plant roots help stabilize the soils on abandoned raised fields, further diminishing erosion. engineers attracted to human-made elevated structures thus drive positive feedbacks that maintain these elevated structures against erosion. In effect, reworking of a fl at landscape by humans pushed the ecosystem into an alternative stable state (McKey et al. 2010) : after being abandoned, the landscape did not return to an initial flat state, rather the human-made topographic heterogeneity persisted. Humans thus exerted a lasting ecological legacy that is transmitted over centuries by the effects of their actions on soil engineers. In this case, the legacy transmitted by soil engineers is 'positive', in terms of its effect on soil processes. lacking black carbon, soils of abandoned raised fields in French Guiana do not retain high concentrations of nutrients, as do ADes in forested Amazonia, but they do maintain favorable soil structure and high soil biodiversity. However, in other sites the legacy of soil engineers is not always positive. In the Bolivian llanos, termite colonies establish preferentially on raised fields (D. McKey, unpublished observations), as in the French guianan coastal savannas. However, in some cases these termites are soil-compacters. They bring clay-rich subsoil to the surface, creating rock-hard termitaria that are resistant not only to erosion, but also to colonization by other organisms, including plants. In these landscapes, the abandoned raised fields are the 'worst' soils in the landscape, in terms of soil structure, fertility and biodiversity. Thus, like ADEs, soils of pre-Columbian raised fields show lasting legacies of human occupation, but these legacies depend on different mechanisms, affect different soil properties, and their effects are not always 'positive'.
LEGACIES IN PLANT COMMUNITIES
Pre-Columbian occupants not only altered soils, they also altered the plant communities growing on them. By removing non-useful plants, by attracting non-human dispersers of useful plants (e.g., agouti and paca) and by protecting, transporting and planting useful plants (e.g., Bertholletia), humans enriched the capacity of forests to provide food, both plants and animals, for them (levis et al. 2018) . Humans also selected desirable phenotypes of plants, culminating in the domestication of many plant species. Whereas crop diversity in Amazonia is centered in the basin, most crops were originally domesticated in numerous areas broadly scattered around the rim of Amazonia. Most domestication occurred long before the agricultural expansion, which may have depended on assembling crop combinations (Clement et al. 2010 ).
THE LEGACIES OF MEGAFAUNAL EXTINCTIONS: CONNECTING THE HOLOCENE WITH THE PLEISTOCENE
Most work on pre-Columbian human/environment interactions in Amazonia has dealt only with the last 4000 years, i.e., the late Holocene. However, humans have been in Amazonia since at least 13,500 years, and still-controversial evidence suggests they arrived in the region much earlier (Vialou et al. 2018) . A better understanding of human/environment interactions requires taking historical ecology much deeper in time, connecting the Holocene with the Pleistocene. This is because increasing evidence points to the greater role of humans than of climate change as a cause of the ecological revolution that characterized the end of the Pleistocene: the extinction of megafauna (Araujo et al. 2017) . Megafaunal extinction was particularly severe in South America. For example, of 20 Pleistocene megaherbivores on the continent, all became extinct at the end of the Pleistocene or during the early Holocene (Svenning and Faurby 2017) . Although it is uncertain when humans first arrived in South America, we know that when they did, they exploited megafauna. For example, the Taima-Taima site in Venezuela features a projectile point showing wear that was found in situ associated with the pelvis of a juvenile mastodon (gruhn and Bryan 1989) .
What were the consequences of megafaunal loss for biodiversity? There were documented co-extinctions of other animals dependent on megafauna, including vultures, giant vampire bats, and dung beetles, and drastic range reductions of others. Although few plants appear to have suffered extinction with the loss of megafauna, the ecologies of many species were dramatically altered (galetti et al. 2018). The disappearance of megafauna made many plant species 'anachronisms', with 'overbuilt' fleshy fruits for now-extinct fruit-eating megafauna and 'overbuilt' mechanical defenses (spines) against giant herbivores that no longer exist (Janzen and Martin 1982) . Work has concentrated on the 'megafaunal dispersal syndrome', examining the ecologies of plants whose principal seed-dispersing animals disappeared at the end of the Pleistocene (guimarães et al. 2008) . A striking trait common to these plants is that fruits when mature fall to the ground, presented to terrestrial mammals. Many go uneaten and rot. For some tree species, smaller animals, such as rodents, can assure some dispersal services, but dispersal distances are much shorter than would be the case were seeds dispersed by larger animals, with their greater gut capacities, longer seed retention times and longer distances moved (Pires et al. 2018) . loss of dispersal services reduces the plant's ability to escape seed-destroying animals and pathogens, which are densest near the parent tree, and to colonize new sites.
In many cases, humans have come to the rescue, saving many plants from drastic range reduction or even extinction. Many of the fruits that megafauna ate are also appreciated by humans. These include cacao, cupuaçu, soursop and many others. Wild megafaunal species whose fruits are eaten by humans today have larger geographic ranges than those not eaten by humans; megafaunal species that are cultivated by humans have even larger ranges (van Zonneveld et al. 2018) .
Cucurbita is a particularly well-studied example, showing how domestication enabled a particularly megafaunal-dependent group to escape probable near-extinction (Kistler et al. 2015) . Fruits of wild Cucurbita contain high concentrations of cucurbitacins, which are bitter and toxic triterpenoids. The fruits of wild cucurbits are not eaten by small mammals, but large numbers of seeds have been recovered from mastodon dung. larger herbivores appear to have greater capacity to detoxify these and other bitter-tasting plant chemical defenses. large animals' greater tolerance of such compounds means that they are less faced by selective pressure to detect and avoid them, explaining why there is a negative correlation in mammals between body size and the diversity of the repertoire of bitter taste receptors (Kistler et al. 2015) . Past distributions of wild Cucurbita spp. were larger than their present distributions, as illustrated, for example, by the highly fragmented distribution of species such as C. okeechobensis, found today only in an area within central Florida and another area in Veracruz, Mexico. When megaherbivores disappeared, cucurbits lost their sole effective dispersal agents. A few species, such as C. pepo and C. moschata, were saved from extinction by humans, who domesticated them, selecting for lower cucurbitacin content. These two species are today unknown in the wild.
As already noted above, many other megafaunal fruits have prospered because of humans. Much later, introduced domesticated animals began to play important roles in dispersing megafaunal fruits such as Samanea saman (dispersed by cattle)
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and Crescentia cujete (dispersed by horses) (Janzen and Martin 1982) . Seeds are not the only things that megafauna moved. For the same reasons they move seeds farther, megafauna also drive lateral movement of nutrients. Doughty et al. (2013) modelled the consequences of the disappearance of megafauna for the distribution of levels of phosphorus (P) in Amazonia. levels of this nutrient in soil are highest in western Amazonia, replenished by erosion of the Andes, and in the alluvial soils along the Amazon. When megafauna were present, their movement of materials redistributed P into the weathered terra firme soils of central and eastern Amazonia. With the disappearance of megafauna, less P is redistributed and P levels in these soils are lower. Their model projects that this lowering will continue until a new steady state is reached in 25,000 years. Their results imply that levels of this major limiting nutrient are declining and will continue to do so for a long time, with effects expected on the functioning of natural ecosystems and the productivity of agriculture. These changes in terrestrial ecosystems are just one manifestation of the global changes in nutrient redistribution caused by humans, who have hunted to near-extinction the principal nutrient-moving animals throughout the planet, not only terrestrial megafauna but also marine megafauna and anadromous fish (Doughty et al. 2016) .
CONNECTING HISTORICAL ECOLOGY WITH BIOLOGICAL AND CULTURAL EVOLUTION
We can gain in understanding human/environment interactions by taking historical ecology even deeper in time beyond the Pleistocene, by connecting historical ecology with evolutionary processes. How plants evolve under domestication has been extensively studied, particularly in response to direct human selection for attributes such as yield. However, for many plants how selection exerted by humans interacts with selective forces that have acted on plants throughout their history, and that continue to act upon them in domesticated environments, has not been investigated (McKey et al. 2012) . Studies of chili (Capsicum spp.) offer an illustrative example (Tewksbury et al. 2008 ). In the dry tropical forests of the Chiquitanía in Bolivia, fruits of Capsicum chacoense are often attacked by lygaeid bugs. Sites where fruits have been pierced by a bug's proboscis permit the easy entry of a fungal pathogen that kills the seeds. Capsaicinoids, the compounds that give chili its pungency, protect the fruits against fungal attack. Such selective pressures have given us pungent chilies. Interestingly, humans use capsaicinoids and other plant-defensive compounds found in spices for the same function that they perform in wild Capsicum. Spices, including chili, have strong antimicrobial properties. There is strong evidence that their principal function is to fight against bacterial contamination of cooked foods: "Humans have borrowed plants' evolutionary 'recipes' for evolutionary survival for use in cuisine to combat foodborne microorganisms and to reduce food poisoning." (Sherman and Billing 1999) . The quantities and diversity of spices used in traditional cuisines, and their antimicrobial effects, show latitudinal gradients: spice use is greatest in tropical climates, where cooked food is more rapidly contaminated by bacteria (Sherman and Billing 1999) . Comparing recipes of the same country, more spice is used in meat recipes than in vegetable recipes, because unlike plants, animals lose their defenses (immunity) at death, so that meat dishes are more rapidly contaminated (Sherman and Hash 2001) . These patterns are repeated all over the world, showing convergent cultural evolution in response to similar selective pressures. This pattern has never been explored for traditional cuisines of Amazonia. Functional analyses of Amazonian diets could be very instructive. 
CONNECTING THE PAST AND THE PRESENT WITH THE FUTURE
Not only must historical ecology be extended to deeper in the past, it must also be connected to the present and the future: Pleistocene, Holocene and Anthropocene must all be integrated as a single continuous history. An example of why this is important is offered by work on carbon dynamics of Amazonian forests. Amazonian forests are currently a carbon sink, helping to minimize global greenhouse gas emissions, but this carbon sink is weakening, owing to greater rates of tree mortality.
As trees die and are replaced at faster rates (Phillips and gentry 1994), more CO 2 is emitted and less is stored. Understanding present and future dynamics of carbon-and of forests-depends on understanding why this is happening. One hypothesis to account for higher tree mortality is based on the history of preColumbian human occupation (Dull et al. 2010 ). According to this hypothesis, late-Holocene agricultural intensification in Amazonia (testified to by increasing amounts of soil charcoal from anthropogenic fire) led to reduction of forest cover. Then, as populations collapsed after the european contact, forests regrew. Again according to this hypothesis, much of Amazonia is now 500-yearold secondary forest, still growing, still storing net amounts of carbon. However, these old secondary forests are now reaching maturity : more trees are dying, and greater turnover is leading to lower carbon storage.
However, there are alternative hypotheses based on current global changes. According to one hypothesis, the greatly increased levels of atmospheric CO 2 over the past decades are leading to increased tree growth. But increased growth might also decrease tree longevity, either by a direct trade-off or indirectly, for example, by favoring faster-growing plant species such as shortlived pioneer trees and lianas (Bugmann and Bigler 2011) . Densities of lianas are increasing in many Amazonian forests (Phillips et al. 2002) . Heavy liana loads cause trees to fall, forming more gaps that are colonized by short-lived pioneer trees. All these factors lead to greater turnover, decreased carbon residence time and greater CO 2 emission. As shown by a recent review, the jury is still out on the question of the causes of recent increased tree mortality in tropical forests (McDowell et al. 2018) .
CONCLUSIONS
Humans have affected Amazonian landscapes for a very long time. Teasing apart their different impacts at different scales of time, from the Pleistocene through to the continuing Anthropocene, may not be easy, but understanding the dynamics of biodiversity and ecosystem functioning requires that we do it. We must also take an increasingly analytical approach. For example, perhaps more important than studying the impacts of humans on species composition and relative abundances in tree communities is studying the impacts of these compositional changes on ecosystem functioning: Did human-encouraged species share functional traits that led to altered functioning of humanaltered forest ? With this and many other questions still open, studying the past and its present-day ecological legacies should have an interesting and useful future.
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